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Abstract 

We studied the rate of spontaneous emission from colloidal CdSe and CdTe nanocrystals at room 
temperature. The decay rate, obtained from luminescence decay curves, increases with the emission 
frequency in a supra-linear way. This dependence is explained by the thermal occupation of dark 
exciton states at room temperature, giving rise to a strong attenuation of the rate of emission. The 
supra- linear dependence is in agreement with the results of tight-binding calculations. 
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Semiconductor nanocrystals have a huge potential for application as monochromatic light- 
sources in biological research, photonic studies and opto-electrical devices jl|, 000 
00|- The most important class of semiconductor nanocrystals are colloidal nanocrystals, 
in practice CdTe and CdSe. Due to quantum confinement, nanocrystals possess discrete 
electron and hole energy levels 3, 0| • As a consequence, optical absorption occurs at discrete 
energies which are determined by the size and the shape of the nanocrystal host 9]. At 
low excitation density, light emission is due to decay of the lowest exciton state to the 
ground state. The possibility of tailoring the exciton emission energy by the nanocrystal 
size has led to a world-wide interest in light-emitting semiconductor nanocrystals. An open 
question is how the size and the emission frequency of a semiconductor nanocrystal control 
the excitons' spontaneous emission decay rate. Such a study is currently feasible due to 
the availability of colloidal nanocrystal suspensions with a high quality. These suspensions 
form a unique model system to probe the frequency dependence of Fermi's golden rule; 
the emission frequency can be tuned via the crystal size without changing the chemistry. 
Understanding of the exciton dynamics in the regime of strong confinement is important, 
not only for purely scientific reasons. The rate of spontaneous emission determines the 
statistics of the output of a single photon source j3|, the light-intensity of incoherent sources, 
consisting of nanocrystal assemblies, such as LEDsO] and the output of coherent sources 
such as laserslSl. In addition, the high luminescence efficiency combined with a narrow 

nn 

homogeneous linewidth make nanocrystals ideal probes in photonic studies [21, |4|]. 

In this Letter, we report on the frequency-dependent decay rate of excitons in colloidal 
CdSe and CdTe nanocrystals at room temperature. We show that the luminescence decay 
curves, at a given frequency, are very close to single-exponential. For both CdSe and CdTe 
nanocrystals, the decay rate increases with the emission frequency in a supra-linear way, 
in contrast to a linear relation for an ideal two-level exciton system or a cubic relation for 
an ideal two-level atom. From complementary calculations based on tight-binding theory, 
we conclude that the supra-linear increase is caused by thermal population of various hole 
states with low transition probability (i.e. dark states) that lie close to the ground state. 
The frequency dependent rate can thus be understood on basis of elementary quantum 
mechanics. The excellent agreement with the theoretical rates shows that measured rates 
are completely determined by radiative decay and highlights the importance of exciton 
storage in dark states. 
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The rate of a spontaneous transition from an excited electron-hole state \ j) to the ground 
state |0) can be derived from Fermi's 'golden rule' 
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where e is the electron charge, eo the permittivity of free space, m the electron rest mass, 
h Planck's constant, c the speed of light, Uj is the frequency of the emitted light, and 
(Olpl j) is the matrix element of the momentum that is related to the dipolar matrix element 

on 

by (0|p|j) = imujj(0\r\j) |Q, HQJ. The size- dependence of Tj will be determined by the 
size-dependence of the matrix element (0|p|j) and emission frequency Uj. Assuming that 
the electron-hole states near the band-extrema can be written as a product of a Bloch 
function /i(r) and an envelope function 0(r), it can be shown that the matrix element of 
the momentum for an allowed transition is given by (/i c |p|/i v ) j2(, where c and v denote 
the conduction and valence bands, respectively. Inter-band transitions are thus largely 
determined by the Bloch functions, which are defined by the crystal lattice only. As a 
consequence, (fx c \p\/j, Y ) does not depend on the size of the nanocrystals, and the decay 
rate of an ideal two-level exciton is expected to be proportional to the emission frequency; 



Tj = constant ■ Uj. This is in agreement with several theoretical studies 8|, [ljj, l^j ]. 



Experimental data on the size-dependent strength of the optical transitions are limited. 
The extinction coefficient has been studied for several nanocrystal suspensions lU, (3 
However, the data are not sufficient to show how the squared dipolar matrix element 



depends on the size of the nanocrystal. Direct determination of the radiative lifetime from 
luminescence decay curves has proved troublesome due to the fact that the decay curves 
are influenced by both non-radiative and radiative recombination. As a consequence, decay 
curves are often multi-exponential 18|. This must means that not all the nanocrystals emit 
light at the same rate or the decay rate varies in time Q]. Encouraged by the availability 



of suspensions of CdSe and CdTe nanocrystals 



3J] with a high photoluminescence efficiency 



(> 50%) we decided to study the exciton decay rate as a function of the frequency of the 
emitted light. The decay curves were obtained by time-correlated single photon counting. 
Emission was excited with a Pico Quant pulsed laser (100 ps, 406 nm) and detection with 
a monochromator (0.1 m focal length, 1350 lines/mm grating, blazed at 500 nm)and a 
Hamamatsu photomultiplier tube. In Fig^a luminescence decay curve for a CdSe suspension 
is shown. The data are well- described by a single-exponential model, as confirmed by a 
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FIG. 1: (Color)Luminescence decay curve of exciton emission from CdSe nanocrystals at 620 nm 
±5 nm (filled circles). Single-exponential fit (red curve), with background as adjustable parameter, 
yields a rate of 0.037 ± 0.003 ns^ 1 and a x^-value of 1.4. A stretched-exponential model yields 
a rate of 0.036 ns" 1 and a /3-value of 0.99. Inset: the background corrected decay curve in a 
semilogarithmic plot. 

goodness of fit Xr = 1.4. A stretched-exponential model resulted in a stretch parameter j3 
= 0.99, very close to the single-exponential limit of /3 — 1. 

In FigEl the decay rate is plotted versus the emission frequency for CdTe and CdSe 
nanocrystals, respectively. Data from two CdTe and two CdSe suspensions are plotted in 
each of the figures. These data unambiguously show for the first time that the rate of 
excitonic decay increases strongly with frequency. The decay rate was deduced with three 
different procedures [35]; the luminescence decay curve was fitted with a single-exponential, a 
stretched exponential and the average arrival time was calculated. The ^-values and the f3- 
values were deduced from single exponential and from stretched exponential fits, respectively. 
The Xr _vames are l° w (<2) and the /3-value varies between 0.91 and 1.00. Most of the curves 
have a /3-value larger than 0.99. Clearly the decay curves are nearly single-exponential 
which means that, at a given frequency, all the nanocrystals emit light with the same 
rate. This forms a first indication that our decay curves are completely determined by 
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FIG. 2: (Color)Decay rate of emission from CdTe (a) and CdSe (b) nanocrystals. The decay rate 
is deduced with single-exponential fit (filled black dots), average arrival time (open triangles) and 
stretched exponential fit (open squares). The blue lines show the decay rates for a two- level system 
and pass through the origin. The red curves show the rate according to Eq. |3] and take dark 
excitonic states into account. 



radiative deca\ 
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We can rule out the possibility of energy transfer between closely-spaced 
nanocrystals [20]: first the concentration of nanocrystals was intentionally kept very low (< 
1CT 7 mol/1), second, the results for (sterically stabilized) CdTe nanocrystals were compared 
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with charge-stabilized nanocrystals, which strongly repel each other at short distances. Thus, 
we conclude that the exciton emission decay rates increase with frequency. 

Figure 121 reveals that the experimental decay rates increase faster with emission frequency 
than the linear behavior of a two- level exciton system (blue lines). Therefore, we must 
consider the complex valence band structure of CdTe and CdSe; several hole- levels are 
located close to the top of the band. This leads to other exciton states close to the lowest 
energy exciton. Excitons in these states have a much lower probability for spontaneous 
decay to the ground state and a high rate of exchange with the lowest energy exciton. Due 
to the thermal distribution, the population of the lowest-energy exciton will be reduced and 
thus the rate of radiative recombination will be lowered. If an infinite lifetime is assumed 
for the higher-energy excitons, it can be shown that: 

-i 
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where k is Boltzmann's constant, T the temperature, Ti is the decay rate for the lowest 
exciton state as given by Eq. (|IJ and AEj is the energy separation with respect to the ground 
exciton state. The sum can be approximated using the density of states of a macroscopic 



crystal 



2 If ] leading to 



rad 



Auj 



R 3 (2m*kT 



(3) 



where A is a constant, m* is the hole effective mass and R is the crystal radius, which 
determines the emission frequency. Verifying eq. El by temperature dependent experiments 
has proved troublesome due the limited temperature window in which the quantum efficiency 
is constant j^j]. The effect of thermal occupation of optically non-active states as a function 
of crystal size is caught by the separation between the different exciton levels (AEj). For 
nanocrystals with a larger radius the total number of states is larger and therefore the 
separation between the states is smaller. As a consequence, thermal population of higher 
exciton levels is more important in larger nanocrystals. This means that the radiative decay 
rate of the large crystals at low frequency is more reduced than the rate of small crystals at 
high frequency. Consequently, the decay rate increases supra-linearly with frequency, instead 
of linearly for an ideal two-level exciton system. The exciton decay rate calculated with Eq|21 
with A as the only adjustable parameter, is presented in FigO (red curves) as a function of 
the frequency of the emitted light. The relation between R and uj was obtained from tight- 



0.10 



0.05 



0.00 




14000 16000 18000 
frequency (cm 1 ) 



FIG. 3: (Color)Radiative decay rate from tight-binding calculations (red dots) for CdTe (same 
experimental data as in Fig|2Ja) are plotted.). 

binding calculations. Clearly, the red curves show agreement with our measurements in the 
case of CdSe and excellent agreement in the case of CdTe. The supra-linear dependency of 
the decay rate can thus be understood on basis of Fermi's golden rule, if thermally activated 
dark excitonic states are accounted for. 

At a given temperature, the rate of radiative exciton decay depends on the details of 
the band structure, determined by the crystal lattice. In the above considerations several 
approximations are used to obtain Eq.Q i.e., infinite lifetimes for higher exciton states and 
density of states of a macroscopic crystal. While this is helpful to get physical insight, a more 
detailed calculation, based on tight-binding or pseudo-potential models, is required to obtain 
quantitative decay rates. We have performed tight-binding calculations of the radiative 



decay rate for spherical zinc blende CdTe and CdSe nanocrystals with various sizes 36] . 
The calculated decay rates for CdTe are in quantitative agreement with the experimental 
results over the accessible frequency range (see red dots in FigEJ • This shows that non- 
radiative decay has a negligible influence on our decay curves. In the case of CdSe the 
tight-binding results show a supra-linear relation between the radiative decay rate and the 
emission frequency (in agreement with the experimental results), but the absolute value is 



75% too low. To understand the origin of this discrepancy, we have performed calculations 
using several sets of tight-binding parameters. We find that the absolute values of the 
emission rates are sensitive to these parameters due to a subtle coupling between close- 
spaced hole states. A similar discussion on the splitting and ordering of levels in the effective 



mass approximation can be found in the literature |23l. \24l 2^ |. Importantly, we find that the 
supra-linear evolution with frequency remains unaffected for all parameter sets. 

The agreement between the supra-linear trend in experiment and in theory must mean 
that the experimental decay curves are almost completely determined by radiative decay. 
Based on this we argue that the non-radiative decay rate can be neglected. The correlation 
between single-exponential d ecay curves and a negligible non-radiative rate is confirmed by 
results on single nanocrystals |l! 

iQ- Ref.Q reports that when a single nanocrystal reveals 
single-exponential decay, its non-radiative decay rate is negligible. For a large number of 
nanocrystals with the same diameter of 6.5 nm and emission frequency ~1.7x 10 4 cm _1 , a 
radiative single-exponential lifetime of 25 ns was observed, in excellent agreement with our 
results. In Ref. [26] it is shown that a significant fraction of the nanocrystals is completely 
dark. This necessarily means that the efficiency of the emitting nanocrystals is much higher 
than the efficiency of the suspension. Therefore, our measured 50% quantum efficiency 
can be explained in simple terms as follows: half of the nanocrystals have a low emission 
efficiency, while the other half have near-unity emission efficiency. It is the photons from 
these latter nanocrystals that mostly contribute to our measured signals. 

We have shown for the first time how the spontaneous emission rate of semiconductor 
nanocrystals depends on the frequency of the emitted light. Comparison with theory shows 
that spontaneous emission is considerably attenuated due to occupation of dark excitonic 
states. These results may lead to a better understanding of a number of dynamic effects that 
are currently studied, such as exciton dephasing , ra diative recombination of nanocrystals in 
photonic crystals ^| and Forster energy transfer [20I l^. 
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We have prepared CdTe 



28 



29] and ZnSe[CdSe] 30] nanocrystals with a luminescence quan- 
tum yield of 50 % and without defect-related emission. Nanocrystal suspensions contain a 
collection of differently sized particles, distributed around a certain average size. The photolu- 



minescence of such a suspension is inhomogeneously broadened |3l|. The size-dependent decay 
rate can therefore be probed by measurements at varying frequency in the emission band of 
the suspension. 

[35] The decay rate was deduced with stretched exponential f(t) = (^j^j (tT)P ex.p(-Tt) 13 where 
(5 varies between zero and one. The /3-value illustrates how close the decay-curve is to single- 
exponential; (3 = 1 means that the decay-curve is single-exponential. The expectation value 
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is (t) = jr— = tf(t)dt = jj^Gamma[jj] where Gamma[l//3] is the gamma function. The 
average time between the start-pulse and the stop-pulse (i.e. the photon arrival time) was 
calculated from the experimental data. For single-exponential decay this average is equal to 
the decay time. 

[36] The tight binding Hamiltonian matrix is written in a sp s d 5 s* basis including spin-orbit cou- 
pling and with interactions restricted to first nearest neighbors. The parameters are obtained 
by fitting the experimental effective masses and a reference bulk band structure calculated 
using the ab initio pseudopotential code ABINIT in the local density approximation. These 
parameters are transferred without change from the bulk situation to the nanocrystals pas- 
sivating the surfaces with pseudo-hydrogen atoms. The matrix elements of p are calculated 



following Ref. 



33] 
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